We report on the transport and magnetic properties of iron-deficient Fe 3 O 4 (Fe 3-δ O 4 ) thin films grown with pulsed-laser deposition, where the stoichiometry and amount of cation vacancies are precisely controlled through changes in the oxygen partial pressure during growth.
order structural regions, which differ from each other throughout the film. The loss of long range structural order in the transition-regime films does not greatly affect the electronic properties, where transport is largely controlled by the chemistry of the film through the ratio of Fe 2+ :Fe 3+ cations. It does manifest itself, however, in the magnetic properties, where we observe a magnetically disordered state that arises due to the incommensurate magnetic structure at the boundaries of the locally ordered regions.
II. EXPERIMENTAL DETAILS
Iron oxide thin films with thickness of ~30 nm were grown on MgO (001) substrates via pulsed-laser deposition at a temperature of 250 °C and a laser fluence of 1.5 J/cm 2 in a constant background gas pressure of 2 x 10 -2 Torr, with a variable mixture of O 2 and Ar. A growth temperature of 250 °C is necessary to ensure that there is no Mg diffusion from the substrate into the Fe 3-δ O 4 film. [54, 55] Before growth, the substrates were ultrasonically cleaned in acetone and isopropanol and annealed in situ at 1 x 10 -7 Torr and subsequently in 2 x 10 -2 Torr of O 2 at 450 °C for 20 minutes each. The stoichiometry of the films was controlled by adjusting the O 2 partial pressure, which ranged from 0 Torr (Fe 3 O 4 ) to 2 x 10 -2 Torr (γ-Fe 2 O 3 ). Immediately following growth, the films were transferred in situ to a load-lock chamber, held at a pressure of ~1 x 10 -6 Torr, and allowed to cool to room temperature as fast as possible in hopes of fixing the oxygen stoichiometry that was set during growth. The stoichiometry was estimated from a combination of X-ray diffraction and electrical transport measurements [ Table 1 , Supplemental Information, Fig. S1 ]. The structure and growth rate were monitored during growth with RHEED, and the final film thickness was measured ex situ with X-ray reflectivity [ Table 1 ]. Deviations in the growth rate from sample to sample were not dependent on film stoichiometry; instead the growth rates were mostly likely dependent on small changes in laser energy and deviation of that energy during growth. Further structural characterization was carried out with high-resolution X-ray diffraction and transmission electron microscopy (HR-TEM)-based selected area electron diffraction (SAED) using a 50 nm electron beam size. Four-point transport measurements were performed in a van der Pauw geometry and magnetic measurements were performed with a superconducting quantum interference device (SQUID) magnetometer. The magnetic domain structure was analyzed with magnetic force microscopy (MFM).
III. RESULTS

A. Crystal Structure
All films initially grew in a layer-by-layer growth mode, as evidenced by persistent [56] Lastly, all of the RHEED patterns are streaky, indicative of atomically smooth surfaces; atomic force microscopy images of these films confirm that they are atomically flat, with RMS surface roughnesses of less than 2 Å for all films [Supporting Information, Figure S2 ].
To further characterize the crystal structure, we carried out on-axis 2θ-ω X-ray diffraction measurements for the Fe 3-δ O 4 004-and 008-diffraction conditions for all seven films Figure S3 ].
We have performed SAED measurements to examine the local crystal structure of a Fe 3-δ O 4 transition-regime film in an attempt to reconcile the differences between the RHEED and the X-ray diffraction measurements. As a reference, the SAED pattern of the MgO substrate is 
B. Transport Properties
We investigated how the three structural regimes affect the transport properties of Fe (1) a very slight iron deficiency from perfect Fe 3 O 4 stoichiometry [61, 62] and (2) Hall effect measurements taken at 300 K ( Figure 4 ) were completed on the four films grown at oxygen partial pressures less than 3 x 10 -4 Torr (films grown at higher pressures were too resistive for reliable measurement) to extract the carrier concentration and the mobility with changing growth conditions. The Hall resistivity at low fields is dominated by the anomalous Hall effect, but becomes nearly linear at high fields (>30 kOe). The carrier concentrations and mobilities were extracted from these high-field regions. The carrier concentration for the three partial pressure is increased, which is a signature of enhanced crystalline disorder within the film. From the Hall effect data we therefore conclude that, while there is a chemical effect that
produces an increased resistivity in the transition region films, the increase in crystalline disorder also plays a role.
C. Magnetic Properties
We studied the magnetic structure of these films by measuring the magnetization of each film with a SQUID magnetometer; since these are thin films grown on MgO substrates, both the film and substrate contribute to the measured magnetic signal. Temperature-dependent magnetization curves measured at 1 kOe after both field cooling in 1 kOe and zero field cooling The Fe 3 O 4 -like films exhibit zero-field-cooled curves that increase in magnetic moment with increasing temperature up to a temperature near T V before becoming coincidental with the field-cooled curve. As the stoichiometry deviates farther from stoichiometric Fe 3 O 4 , the magnetization of the zero field-cooled curves rises more quickly and the temperature at which the field-cooled and zero-field-cooled curves becomes coincidental changes from well above T V to below T V ; this change is associated with the loss of the Verwey transition. Conversely, the γ-Fe 2 O 3 -like films exhibit zero-field-cooled curves that are nearly coincidental with the field-cooled curves for the entire temperature range measured. The most surprising zero-field-cooled behavior is in the transition regime, where we observe a slow, long rise in the magnetic moment with increasing temperature up to the temperature limit of the measurement, which is reminiscent of a disordered spin-glass-like magnetic phase. 
IV. DISCUSSION
By combining diffraction measurements with transport and magnetic property measurements, we obtain a complete picture of how the crystalline, electronic, and magnetic It is surprising, however, that the crystal structure and magnetic properties do not continuously evolve as the stoichiometry changes, since thin films with these stoichiometries had already been studied extensively. These previous studies, however, only examined the structure with RHEED, in which the transition-regime films seem identical to interactions arise across these boundaries that result in magnetic frustration of the cations near the boundaries. Magnetically this leads to thin-films that cannot be saturated under normal laboratory magnetic fields (< 7T) and reduced magnetic moments. [66] It is interesting to note that for ~30 nm films, the structural domains formed by anti-phase boundaries for Fe 3 O 4 should be on the order of 25 -35 nm. [67, 68] This is exactly what we observe for the magnetic domains in our Fe 3 O 4 -like films, and we conclude that the magnetic domains that we are imaging are likely the same as the structural domains formed by anti-phase boundaries. This makes sense since anti-phase boundaries have antiferromagnetic magnetic orderings, which are the natural places for domain walls to form.
It is also known that the size of the anti-phase domains scales with film thickness as √ , where D is the domain size and t is the film thickness. In order to use this scaling law to predict the anti-phase boundary domain sizes from the measured film thicknesses of our films, we first fit the domain sizes for the Fe 3 O 4 -like films to this scaling law to obtain the correct proportionality constant. We then used this proportionality constant to predict the domain sizes for all of the films, [ Fig. 7 (e)] and we found that the scaling law works very well for all the films except the transition regime film that has the largest magnetic disorder and the γ-Fe 2 O 3 film. It is not necessarily clear that the γ-Fe 2 O 3 film should obey the same scaling law as Fe 3 O 4 films, and this could lead to the deviation in the measured domain sizes of this film from the known scaling law. What is more interesting is that the most disordered film has domains that are ~25% smaller than they are predicted to be by the scaling law. This signifies that there is an increase in the density of anti-phase boundaries in the transition regime, which should lead to an increase in magnetic frustration.
The transition regime films also likely have a second source of magnetic frustration in addition to the increased density of anti-phase boundaries. Since we observe regions of the transition-regime films that have different structural order, we can assume that they have different magnetic orderings as well. The boundaries between these different magnetic ordering regions are likely to be frustrated in the same way that anti-phase boundaries are known to frustrate spinel ferrite thin films. The transition-regime films now have two sources of magnetic frustration: one arising from the increased density of anti-phase boundaries that are present in all films grown on MgO and one arising from the different structural regions due to the oxygen stoichiometry and amount of cation vacancies. The combination of these two factors leads to an enhanced, magnetically disordered state for the transition-regime films. In addition to discovering a new phase of epitaxially grown Fe 3-δ O 4 that is magnetically disordered, this work highlights the need to be able to both carefully control the growth process and to also thoroughly characterize samples in order to report on the correct physical properties. This is especially important considering that the Fe 3-δ O 4 phases in this transition regime exhibit vastly different physical properties, most notably in their magnetism.
V. CONCLUSIONS
In summary, we have found that there is a stoichiometry regime between Fe 3 O 4 and γ- 
APPENDIX
We assessed the stoichiometry of the films through a combination of on-axis X-ray diffraction and electrical transport measurements. It is well known that Fe 3 O 4 and γ-Fe 2 O 3 have different lattice parameters, with the lattice parameter of the latter being smaller than that of the former due to the cation vacancies needed to ensure charge neutrality. Since this change in lattice parameter is related to amount of cation vacancies, we assumed that as the stoichiometry changed between the two endpoints, the lattice parameter would change in a linear manner.
Furthermore, we noticed that the resistivity measured at 300 K varied logarithmically with the caxis lattice parameter [ Fig. A1 ]. This means that the resistivity measured at 300 K will also vary logarithmically with the stoichiometry, allowing us to use a combination of diffraction and transport measurements to estimate the stoichiometry for each sample [ The variation of the resistivity at 300 K with the stoichiometry parameter δ. The line is the same line as in (a). 
